Objectives: This study aimed to characterize the skeletal muscles of patients who underwent total knee arthroplasty (TKA) using ultrasonography in order to investigate the effectiveness of ultrasonographic skeletal muscle assessment after TKA. Methods: This study included 50 TKA patients (TKA group) and 41 residents with osteoarthritis who have not received TKA (non-TKA group). Ultrasonography was used to assess the characteristics of several different muscles. Various postoperative outcomes were evaluated. Muscle thickness (MT) and echo intensity (EI) results were compared among operated knees in the TKA group, nonoperated knees in the TKA group, and more severely affected knees in the non-TKA group. For the TKA group, multiple regression was conducted to examine the association between skeletal muscle characteristics of operated knees and postoperative outcomes. Results: The MTs of the vastus medialis, vastus intermedius, and rectus femoris (RF) were significantly smaller and the RF-EI was significantly greater for both operated and nonoperated knees in the TKA group compared with the non-TKA group (P < 0.017). Several parameters of physical function were significantly poorer in the TKA group than in the non-TKA group (P < 0.05). Multiple regression demonstrated that RF-MT was associated with knee range of motion, knee strength, and physical functional performance in the TKA group (P < 0.05).
Introduction
Total knee arthroplasty (TKA) is strongly recommended as an effective and cost-effective treatment for patients with knee osteoarthritis (OA) who have severe symptoms or functional limitations [1] . With increasing numbers of surgeries performed and younger patients requiring surgery [2] , the functional prognosis of patients after TKA is expected to be increasingly important. It has been reported that patients have less leg strength and lower gait speed than healthy elderly people even after TKA [3] and the incidence of falls in these patients is comparable to the incidence in elderly people [4] . Since falls in TKA patients may lead to fracture around the prosthesis, which can substantially deteriorate their activities of daily living and quality of life (QoL) [5] , it is important to improve physical functional performance and prevent falls and fractures in order to obtain a favorable prognosis.
The strength of the muscles surrounding the operated knee is a physical performance-related factor in TKA patients. It is known to be an important determinant of the ability to walk and climb stairs [6] and is associated with postoperative patient satisfaction [7] . A longitudinal study reported that quadriceps strength 28 days after TKA is approximately 62% lower than preoperative values, which was mainly attributed to a decrease in the number of recruited motor units and muscle cross-sectional area [8] . In addition, a cross-sectional study reported that quadriceps volume is the largest contributor to muscle strength for patients at 10 or more months after TKA [9] . These findings suggest the importance of assessing and strengthening skeletal muscles in TKA patients.
In previous studies, the skeletal muscles of TKA patients were assessed mainly using magnetic resonance imaging (MRI) and computed tomography. Although these imaging techniques have high precision, they are not suitable for daily practice because the equipment is expensive and is difficult to use. Other tools for skeletal muscle assessment include dual-energy X-ray absorptiometry (DXA) and bioelectrical impedance analysis (BIA), which are commonly used for diagnosis of sarcopenia [10] , but DXA is also difficult to use. Although BIA is easy to use, it is difficult to provide accurate measurements in TKA patients because it uses impedance and the implants can cause measurement errors.
Ultrasonography may be useful for skeletal muscle assessment in TKA patients. Ultrasonography is a noninvasive and low-cost technique that can be used in most clinical settings. It can estimate qualitative deterioration such as fatty changes and fibrosis based on echo intensity (EI). It has been reported that muscle thickness (MT) measurements made with ultrasonography are valid and highly correlated with measurements made with MRI and DXA [11, 12] . In addition, MT and EI are both associated with muscle strength and physical functional performance [12e14].
There have been no studies that have used ultrasonography in TKA patients. Therefore, it remains unknown which features of skeletal muscles can be assessed with ultrasonography and whether the results of ultrasonographic skeletal muscle assessment are associated with postoperative patient satisfaction and physical functional performance in TKA patients. In this study, in order to investigate the clinical effectiveness of ultrasonographic skeletal muscle assessment after TKA, we aimed to (1) characterize skeletal muscles using ultrasonography and (2) verify the association between the characteristics of skeletal muscles observed using ultrasonography with postoperative patient satisfaction and physical functional performance in TKA patients.
Methods

Participants
This study was a cross-sectional observational study. TKA patients were eligible for this study if (1) their underlying disease was OA, (2) they could walk without assistance, and (3) they underwent TKA over 6 months ago, because physical functional performance reaches a steady state at 6 months after TKA [3] . Exclusion criteria were (1) revision TKA, (2) bilateral TKA, (3) history of a fracture in the lower extremities within the past 10 years, (4) concomitant neurological disease, (5) severe locomotive organ disorder, (6) psychiatric disorder, and (7) uncontrolled cardiovascular disease. Of 83 TKA patients who visited our hospital for periodic follow-up between October 2016 and March 2018, 50 who did not meet any of the exclusion criteria were included in the analysis. An anterior straight incision and the medial parapatellar approach were used in all participants. All participants underwent a general rehabilitation protocol consisting of range of motion (ROM) exercises, lower extremity muscle strengthening exercise, gait training, etc., before being discharged. The operated knee and unoperated knee of each participant were assessed.
The control (non-TKA) group consisted of 41 individuals diagnosed as having knee OA who have not received any surgical intervention. They were recruited from 35 people who participated in a health promotion project implemented by the municipal government of Kurayoshi, Tottori Prefecture, in October and November 2018 and 21 people who participated in a health promotion project for residents with knee disorders implemented by the municipal government of Yonago, Tottori Prefecture in December 2018 and January 2019. The same inclusion and exclusion criteria as those for the TKA group were adopted, except for TKA-related criteria. For the non-TKA group, the knee with more severe symptoms was used in this study. This study was approved by the Ethics Committee of Tottori University Hospital before commencement (No. 17B016).
Sample size calculation
Since the purpose of this study was to compare skeletal muscle characteristics and physical functional performance between the TKA and non-TKA groups, the sample size was determined based on a previous study of differences in MT between OA patients and healthy elderly people [15] . This study was designed to detect difference in quadriceps MT between TKA and non-TKA groups based on this previous study. The effect size and standard deviation were assumed to be 0.3 and 0.3, respectively. The calculated sample size required 17 participants per group with an a error level of 5% (2sided) and power of 80%. We conducted continuous sampling to meet this sample size and balance the male-to-female ratio between the groups. Ultimately, there were 50 participants in the TKA group and 41 participants in the non-TKA group.
Ultrasonographic measurements
Using B-mode short-axis images obtained with the Noblus ultrasound system (Hitachi, Ltd., Tokyo, Japan), we assessed subcutaneous fat thickness (FT), MT, and muscle EI. The vastus medialis (VM), vastus intermedius (VI), and rectus femoris (RF) were assessed. The gain, depth, and focus were set to 18 GB, 4 cm, and 2 cm, respectively. Participants were placed in the supine position with both knees extended and relaxed. A 5-to 20-MHz transducer was used. A water-soluble permeable gel was applied to the head of the transducer. The transducer was kept perpendicular to the skin surface with the minimum pressure required to obtain clear images. During measurement, the operator took care to take measurements at the same sites for all participants, placing the transducer at the same positions. The measurement sites were specified as 5 cm medial to the distal 1/5 of the line connecting the anterior superior iliac spine with the superior edge of the patella for VM and the midpoint of the line connecting the anterior superior iliac spine with the superior edge of the patella for FT, VI, and RF ( Fig. 1 ) [15] . Based on the ultrasound images, the distance from the skin to the superficial fascia (FT), distance from the femur to the fascia immediately above the VM (VM-MT), distance from the femur to the fascia immediately above the VI (VI-MT), and distance from the fascia immediately above the VI to the fascia immediately above the RF (RF-MT) were estimated. Each site was imaged twice and MTs were measured using the electronic caliper equipped in the ultrasound system. Since it was difficult to obtain accurate EIs for deep sites, EI was assessed only for VM (VM-EI) and RF (RF-EI). ImageJ software (National Institutes of Health, Bethesda, MD, USA) was used for image processing. For each muscle, the region of interest was set as wide as possible but excluded the surrounding fascia and bone. EI was defined as the average grayscale value of the region of interest, which was calculated using a standard histogram function. Grayscale values range from 0 (black) to 255 (white), with higher values representing more fat and fibrous tissue within the muscle. The mean measurement from 2 ultrasound images was used for analysis. The intrarater reliability of MT and EI assessments using this procedure has been reported to be 0.90 and 0.91, respectively [13] .
Assessment of basic characteristics
For participants in the TKA group, medical records were used to ascertain age, sex, height, weight, body mass index (BMI), Kellgren-Lawrence (KL) grade, preoperative femoro-tibial angle, TKA implant type, preoperative knee ROM, comorbidities, presence or absence of arthralgia, and smoking habit.
For participants in the non-TKA group, we conducted physical measurements and interviews to ascertain their age, sex, height, weight, BMI, KL grade, comorbidities, presence or absence of arthralgia, and smoking habit.
Knee pain
Knee pain was evaluated using the visual analogue scale (VAS). Participants recorded the most severe level of pain over the past 3 days by making a handwritten mark on a 100-mm line that represents a continuum between the 2 ends of the scale, with "no pain" on the left end (0 mm) and "worst pain you have ever experienced" on the right end (100 mm).
Knee ROM
Measurements were performed according to the Range of joint motion and method of measurement by the Japanese Orthopaedic Association. The femur was the stationary axis and the fibula was the moving axis. The ROM of the knee was measured in the supine position, with the knee flexed and extended by the participants themselves as far as possible.
Knee strength
Isometric knee extension strength was measured using a handheld dynamometer (HHD, mÀTas F-1; ANIMA Co., Ltd., Tokyo, Japan). Measurement of isometric muscle strength using an HHD has been reported to have high intrarater reliability [16] . Measurements were performed with each participant in a sitting position with a towel placed under the thighs to keep the thighs horizontal and the hip and knee joints flexed at 90 . The participants kept their torso perpendicular to the examination table and placed their hands on the examination table at their sides. The HHD sensor that receives muscle outputs was placed on the anterior surface of distal lower leg. The participants performed two isometric maximal voluntary contractions, each lasting approximately 1 min, during measurement, with the sensor tied to the table leg with a fixing belt. The mean of two measurements was used for analysis. Torque values (Nm) obtained by adjusting the force applied on the sensor (N) based on the length of lower leg (m) were used for analysis.
Physical functional performance
Physical functional performance was assessed using the Timed Up and Go test (TUG), 30-s chair stand test (30-CST), and stair climb test (SCT). The reliability and validity of these tests have been verified previously [17] . Gait speed was also evaluated.
For TUG, we measured the time it took for each participant to stand up from a 44-cm-tall chair with armrests, walk to a mark 3 m away from the chair, turn back to the chair, and sit. Participants walked at a normal speed and a walking aid was used as needed. Two measurements were performed, and the mean was used for analysis.
For 30-CST, participants performed an exercise using a 44-cmtall chair without armrests. Each cycle of the exercise consisted of completely standing up from the chair with the arms folded until complete extension of the hip and knee joints and sitting on the chair until the buttocks were completely touching the seat. The number of cycles each participant could perform within 30 s was counted. This test was performed only once for each participant.
For SCT, training stairs with 4 steps of 16 cm each were used. The time required for each participant to safely step up and down the stairs as quickly as possible was measured. The participants were allowed to use a handrail or walking aid as needed. The time from when each participant stepped up the stairs until he or she placed both feet on the floor was measured. The measurement was performed only once after each participant sufficiently practiced the stepping exercise. It has been reported that the intrarater reliability for SCT under the same conditions as those of the present study is 0.94e0.96 [18] . Since it was difficult to prepare the same test environment for the non-TKA group, this test was performed only in the TKA group.
For gait speed, we measured the time it took for each participant to walk through a 10-m flat walking lane, which included a 3-m acceleration lane and a 3-m deceleration lane, at a comfortable speed. Gait speed was calculated based on the measured time.
Health-related QoL (Japanese Knee Osteoarthritis Measure)
The Japanese Knee Osteoarthritis Measure (JKOM) is a disease- specific measure for knee disorders that reflects the Japanese cultural lifestyle. Its validity and reliability have been verified [19] . It is a self-administered questionnaire that includes 25 questions divided into the categories of pain and stiffness, activities of daily living, participation in social activities, and general health condition. Participants selected 1 of 5 answers for each question (0 ¼ best condition, 4 ¼ worst condition).
Statistical analysis
Medians and interquartile ranges were used as representative values of data. We compared the characteristics of participants in the TKA and non-TKA groups using the Mann-Whitney U-test for continuous variables of basic characteristics (e.g., age) and the chisquare test for categorical variables (e.g., sex). MT and EI of the operated and unoperated knees in the TKA group and the more severely affected knee in the non-TKA group were compared using the Kruskal-Wallis test (significance level, P < 0.05). In addition, as a post hoc test, the Mann-Whitney U-test was used for pairwise comparisons of the three types of knees. The Bonferroni correction was used to adjust the significance level for multiple comparisons (P < 0.017). Intraclass correlation coefficients (ICCs, 1,1) of FT, MT, and EI measurements were also calculated. Clinical outcomes of the operated knee in the TKA group were compared with those in the non-TKA group using the Mann-Whitney U-test.
Multiple regression with forced entry was performed to investigate associations among VM-MT, VI-MT, RF-MT, VM-EI, and RF-EI of operated knees in the TKA group with clinical outcomes. In order to avoid overfitting due to the small sample size, we used each skeletal muscle index independently. Age, sex, BMI [20, 21] , and postoperative time [22] , which might affect both skeletal muscles and TKA outcomes, were used as covariates. All of the independent and dependent variables were logarithmically transformed and adjusted so that the residuals were normally distributed before analysis (Fig. 2) . Statistical analysis was conducted using IBM SPSS Statistics ver. 24.0 (IBM Co., Armonk, NY, USA), at a significance level of 5%.
Results
Participant characteristics
The characteristics of participants are summarized in Table 1 . The prevalence of hypertension was significantly higher in the TKA group. The preoperative KL grade was significantly higher in the TKA group compared with the non-TKA group. No other significant differences were observed between the groups.
Ultrasonographic measurements
The results of ultrasonographic measurements in the TKA and non-TKA groups are shown in Table 2 . No significant difference was observed in FT between the groups. There was no difference in MT between the operated and nonoperated knees in the TKA group. VM-MT, VI-MT, and RF-MT of operated and nonoperated knees were significantly lower than those in the non-TKA group. The VM-EI of operated and nonoperated knees in the TKA group was not significantly different from the VM-EI in the non-TKA group, respectively. The RF-EI of operated and nonoperated knees in the TKA group was significantly higher than the RF-EI in the non-TKA group, respectively. The ICC (1,1) for ultrasonographic measurements of FT, MT, and EI ranged from 0.91 to 0.97.
Clinical outcomes
The clinical outcomes of the TKA and non-TKA groups are shown in Table 3 . Knee pain VAS was significantly higher in the non-TKA group than in the TKA group. The ranges of motion for knee extension and knee flexion were significantly lower in the TKA group than in the non-TKA group. Isometric knee extension strength, 30-CST, and gait speed were significantly lower in the TKA group than in the non-TKA group. TUG was significantly slower in the TKA group than in the non-TKA group. Although pain and stiffness as determined by the JKOM score were significantly lower in the TKA group than in the non-TKA group, there was no significant difference in the total JKOM score between the groups. Table 4 shows the results of the multiple regression analysis for associations between skeletal muscle characteristics assessed using ultrasonography and clinical outcomes. Data were adjusted for age logarithmically transformed (_L), BMI_L, postoperative time_L, and sex. VM-MT_L was not associated with any clinical outcomes. VI-MT_L was associated with SCT_L only. RF-MT_L was associated with knee extension ROM_L, knee strength_L, TUG_L, 30-CST_L, SCT_L, and gait speed_L, but not significantly associated with any other clinical outcomes. VM-EI_L and RF-EI_L were not associated with any of the clinical outcomes.
Associations between skeletal muscle characteristics assessed with ultrasonography and clinical outcomes
Discussion
In this study, we assessed the characteristics of skeletal muscles using ultrasonography and compared them between the TKA and non-TKA groups. Compared with the non-TKA group, the TKA group had lower VM-MT, VI-MT, and RF-MT and higher RF-EI. However, no significant difference was observed in VM-EI, Values are presented as median (interquartile range) or number of participants (%) unless otherwise indicated. TKA, total knee arthroplasty; KL, Kellgren-Lawrence; PS, posterior stabilization; FTA, femoro-tibial angle. a Compared between the operated knee in the TKA group and the more severely affected knee in the non-TKA group and between the nonoperated knee in the TKA and the more severely affected knee in the non-TKA group. suggesting that TKA patients had lower skeletal muscle quantity and quality. The findings of this study can provide the basis for future research because there have been no previous studies regarding ultrasonographic assessment of MT and EI in TKA patients and comparison with OA patients who have not received any surgical intervention.
A previous study revealed that more severe KL grade was associated with decreased quadriceps mass [15] . Therefore, it seems reasonable that skeletal muscle quantity and quality were lower in the TKA group than in the non-TKA group because the TKA group had a higher KL grade before surgery. The findings of the present study as well as a previous longitudinal observational study reporting that skeletal muscle mass of TKA patients decreases by approximately 10% after surgery [8] suggest that skeletal muscle mass remains low and intramuscular fat remains elevated after TKA. Consequently, skeletal muscle quantity and quality in TKA patients were inferior to those in the non-TKA group. One possible reason is decreased physical activity after surgery. Even though TKA patients have less pain and increased satisfaction with physical performance after surgery, their physical activity levels remain low after surgery [23] . Since less physical activity can result in quantitative and qualitative deterioration of skeletal muscles [24] , the condition of the skeletal muscles in the TKA group may be attributed to reduced physical activity.
Similar to a previous study that found TKA patients had lower postoperative physical functional performance than healthy elderly people [3] , the present study also showed that TKA patients had lower postoperative physical functional performance than OA patients who have not received any surgical intervention. In general, knee pain is a cause of motor dysfunction [25] , and it was worse in the non-TKA group than in the TKA group. A recent study in patients who had not undergone TKA showed that knee muscle strength is a better objective measure of motor function than pain [26] . In the present study, knee pain during exercise was not evaluated in detail, and the effect of knee pain could not be completely excluded. However, knee extension muscle strength was significantly greater in the non-TKA group than in the TKA group; this suggests the worse motor function in the TKA group may have been related to factors that impair muscle strength.
Multiple regression was used to investigate the association between skeletal muscle characteristics and clinical outcomes after all variables were logarithmically transformed and adjusted for age, sex, BMI, and postoperative time. RF-MT was associated with many physical functional parameters, but it was not associated with pain, JKOM score, and flexion ROM. The association between RF-MT and mobility capability found in the present study was also shown in a previous study of OA patients awaiting surgery [27] . A previous study showed no difference in terms of post-surgical muscle strength and ROM between the medial parapatellar approach used in the present study and quadriceps sparing, even though the latter is less surgically invasive [28] . The present study showed that RF-MT was associated with knee extension strength and ROM, suggesting that RF plays an important role in maintaining knee extension in TKA patients treated with the parapatellar approach, despite the fact that this method involves invasive VM treatment, because RF has a long lever arm that provides an advantage in exerting muscle strength. In fact, VM muscle activity during walking decreased more than RF muscle activity after surgery in TKA patients [29] . Knee extension function may be affected by the alignment of the lower limbs after surgery, but postoperative displacement of the lower limb functional axis was not found to affect the ROM or motor function of the knee joint [30] . However, one study showed that changes in the postoperative distal femoral angle affected quadriceps muscle strength [31] , and in the patient group for the present study in which the preoperative knee position was varus, changes in alignment due to surgery were also observed in the postoperative knee. This may have an impact on subsequent knee function.
On the other hand, VM-EI and RF-EI were not associated with physical functional performance. There is no consensus on the association between physical functional performance and EI. One study reported an association between RF-EI and TUG in OA patients [27] while another study reported that the association between physical functional performance and EI was unclear [15] . Since muscle EI is affected by aging and MT [32] , the indirect effects of aging and MT may have made the association between physical functional performance and EI unclear. It has been reported that hip replacement causes fatty changes in muscles [33] . Therefore, a similar change might occur in the muscles after TKA; EI may increase regardless of physical functional performance. Thus, we considered MT to be a more useful index of the association between skeletal muscle characteristics and physical functional performance than muscle EI in TKA patients.
Postoperative pain and flexion ROM were not associated with any of the skeletal muscle parameters assessed using ultrasound in TKA patients. This is probably because, as reported in previous studies, joint structure has a strong effect on postoperative pain and flexion ROM [34, 35] . Therefore, evaluating such associations in TKA patients might be less important. We can say the same for the evaluation of QoL, including JKOM, which is affected by pain [36] .
This study has some limitations. First, it was a cross-sectional study, so causal relationships between skeletal muscle characteristics and clinical outcomes cannot be identified. Longitudinal studies are warranted to identify associations between skeletal muscle characteristics assessed with ultrasound and clinical outcomes. Second, this study excluded early postoperative patients; intensive physical therapy soon after surgery was found to improve postoperative outcomes in TKA patients [37] , but we did not assess the impact of postoperative physical therapy duration or content on outcomes and skeletal muscle function. Finally, the findings of this study cannot be generalized due to selection bias because the participants were limited to patients at a single facility and people who voluntarily participated in health classes. Nevertheless, the results of this study are considered valid because selection bias was reduced by balancing age and the male-to-female ratio between the groups.
Conclusions
This study suggested that reduced skeletal muscle quantity and quality, which persist after surgery, may impact postoperative physical functional performance in TKA patients despite pain relief and QoL improvement after surgery. It also revealed that RF-MT is associated with postoperative knee extension function and physical functional performance based on an evaluation of the association between skeletal muscle condition characterized using ultrasound and clinical outcomes, suggesting that RF-MT can be a favorable index for skeletal muscle assessment after TKA. It is important to assess skeletal muscles in TKA patients; this study suggests that ultrasonography is a useful tool for such assessments.
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